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Abstract
Cys-loop receptors are membrane spanning ligand-gated ion channels involved in fast
excitatory and inhibitory neurotransmission. Three-dimensional structures of these ion
channels, determined by X-ray crystallography or electron microscopy, have revealed valu-
able information regarding the molecular mechanisms underlying ligand recognition, chan-
nel gating and ion conductance. To extend and validate the current insights, we here
present promising candidates for further structural studies. We report the biochemical and
functional characterization of Cys-loop receptor homologues identified in the proteome of
Alvinella pompejana, an extremophilic, polychaete annelid found in hydrothermal vents at
the bottom of the Pacific Ocean. Seven homologues were selected, named Alpo1-7. Five of
them, Alpo2-6, were unidentified prior to this study. Two-electrode voltage clamp experi-
ments revealed that wild type Alpo5 and Alpo6, both sharing remarkably high sequence
identity with human glycine receptor α subunits, are anion-selective channels that can be
activated by glycine, GABA and taurine. Furthermore, upon expression in insect cells fluo-
rescence size-exclusion chromatography experiments indicated that four homologues,
Alpo1, Alpo4, Alpo6 and Alpo7, can be extracted out of the membrane by a wide variety of
detergents while maintaining their oligomeric state. Finally, large-scale purification efforts of
Alpo1, Alpo4 and Alpo6 resulted in milligram amounts of biochemically stable and monodis-
perse protein. Overall, our results establish the evolutionary conservation of glycine recep-
tors in annelids and pave the way for future structural studies.
Introduction
Cys-loop receptors (CLRs) or pentameric ligand-gated ion channels (pLGICs) are a class of
integral membrane proteins located in the central and peripheral nervous system. They medi-
ate fast synaptic neurotransmission by opening up their ion channel pore upon allosteric bind-
ing of neurotransmitters to the extracellular ligand binding domain. This results in ion flux,
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which depolarizes or hyperpolarizes the postsynaptic cell. Because of their pivotal role in neu-
rotransmission, dysfunction of these receptors is linked to several neurological disorders
including Alzheimer’s disease [1], epilepsy [2–4], myasthenia gravis [5] and hyperekplexia [6].
Additionally, they are the target of several clinically important drugs like benzodiazepines, gen-
eral anesthetics, anti-emetics and smoking cessation aids. Due to this high clinical relevance,
detailed structural insights about these receptors might assist in unraveling the molecular
mechanisms of diseases correlated to CLRs. Moreover, this structural information can lead to
novel pathways for the development of more efficient drugs.
Over the last decade, several X-ray crystal structures have been solved for this class of ion
channels. Crystal structures of Acetylcholine Binding Proteins (AChBPs), water-soluble homo-
logues of the extracellular domain of nicotinic acetylcholine receptors (nAChRs), in complex
with a wide variety of known CLR ligands have provided insights concerning the molecular
determinants of ligand recognition [7]. On the other hand, structures of the full-length prokary-
otic channels ELIC [8] and GLIC [9–11] have offered a first glimpse of channel gating and ion
conductance. ELIC is derived from the bacterium Erwinia chrysanthemi and can be activated by
primary amines, such as GABA [12,13]. So far its structure was only solved in a non-conductive
conformation [8]. By contrast, X-ray crystal structures of GLIC, derived from Gloeobacter viola-
ceus, revealed both open and closed conformations [9–11]. Similarly, X-ray crystal structures of
GluCl, a glutamate-gated chloride channel derived from Caenorhabditis elegans, were determined
in different conformational states [14,15]. In 2014, structural information of vertebrate Cys-loop
receptors emerged from the elucidation of the human GABA β3 receptor (hGABAAR β3) [16]
and the mouse 5-HT3A receptor (m5-HT3A R) [17] structures. More recently, structures became
available of the zebrafish glycine α1 receptor (zGlyR α1) and of the human glycine α3 receptor
(hGlyR α3), offering further insights about channel gating [18,19].
All these studies have indicated that the overall architecture is conserved among different
members of the pLGIC family (Fig 1A) [20]. Each pLGIC is composed of five subunits symmetri-
cally arranged around a central pore, forming the ion-conducting pathway. In its turn, each sub-
unit consists of three distinct domains: an extracellular domain (ECD), a transmembrane
domain (TMD) and an intracellular domain (ICD). The tertiary structure of the ECD is domi-
nated by an arrangement of β-strands connected via loops. These loops, together with β-strands
from the adjacent subunit form the ligand-binding pocket. The TMD contains four α-helices
(M1-4). The M2 helix lines the ion channel pore. It contains the channel gate and is important
for ion selectivity. The ICD, a loop connecting transmembrane helices M3 and M4, is uniquely
found in eukaryotic CLRs where it influences ion conductance, receptor trafficking and assembly
[20]. Unfortunately, the structural insights about this domain are rather limited today.
Based on the available structural information and on supplementary functional data, general
hypotheses have been generated concerning ligand recognition, channel gating and ion conduc-
tance. However, it remains unclear whether these hypotheses are applicable to other members of
the family with unknown structures and limited sequence identity. Additional structures, prefera-
bly in different conformational states and including the ICD, will validate these hypotheses and
might ultimately lead to more adequate models to perform structure-based drug design.
Therefore we turned our attention towards homologues derived from the extremophilic
organism Alvinella pompejana. Alvinella pompejana is a marine, polychaete worm that thrives
2000–3000 meter beneath sea level in hydrothermal vents with high sulfur and heavy metals
concentration and is one of the most heat tolerant eukaryotes known to date [21,22]. It has
been shown that proteins from extremophilic organisms display superior stability under labo-
ratory conditions, making them ideal candidates for structural studies [23–26]. The potential
application of Alvinella pompejana CLRs in structural studies was previously recognized by
Juneja, P. et al [27]. They identified two CLR homologues: Alv-a9 and Alv-a1-pHCl. According
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to our nomenclature, Alv-a9 corresponds to Alpo1 and Alv-a1-pHCl corresponds to Alpo7. For
Alv-a9 no activating ligand was found, whereas Alv-a1-pHCl is pH-activated [27], similar to
ion channels found in other invertebrates [28]. In our study, we extended on these observations
and identified five additional Alvinella pompejana CLR homologues. Our goal thus became to
characterize these homologues both biochemically and functionally in the framework of future
structural studies.
Materials and Methods
Bio-informatics
The protein database of Alvinella pompejana (http://jekely-lab.tuebingen.mpg.de/) was
screened for CLR homologues by application of the Basic Local Alignment Search Tool
Fig 1. Subunit topology and construct design. β-strands are indicated in dark green, α-helices in red and
eGFP in mint green. The signal sequence is colored blue, the His8-tag yellow. EC: extracellular, IC:
intracellular. (A) Cartoon representation of a single pLGIC subunit, seen parallel to the membrane plane. The
arrow indicates the position of eGFP in the AlpoX-eGFP constructs. (B) Construct design of AlpoX-wt and
AlpoX-eGFP.
doi:10.1371/journal.pone.0151183.g001
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algorithm (BLASTp) [29] with several human CLR sequences as search models. To analyze the
primary structure of the identified homologues, a multiple sequence alignment was calculated
with ClustalO [30] and Jalview [31]. In addition to mature sequences of these homologues, this
alignment includes mature sequences of eukaryotic CLRs with known structure and of human
CLR subunits displaying high sequence identity with the identified homologues. Simulta-
neously, the secondary structure was predicted with Phobius [32] and TMPred [33] and com-
pared to the conserved general fold of known CLRs. Additionally, a pairwise sequence identity
diagram was generated with ClustalO [30] and a cladogram was calculated (http://www.
phylogeny.fr). Both this cladogram and the pairwise sequence identity diagram were generated
based upon mature sequences.
Construct design
The genetic sequences derived from the database of Alvinella pompejana were analyzed and
optimized. Since TMpred, Phobius and the multiple sequence alignment indicated that Alpo3
only contained transmembrane helices M1-M3, this homologue was excluded from further
experiments. In case of Alpo6 a native signal sequence was missing, therefore the signal
sequence of the human glycine receptor subunit α1 (GLRA1) was added. To facilitate purifica-
tion, a His8-tag was added to the C-terminus of each construct. The genes were synthesized by
GenScript with optimized codon usage for expression in Spodoptera frugiperda 9 (Sf9) insect
cells. These constructs were labeled “AlpoX-wt” with X referring to one of the homologues and
varying between 1 and 7, excluding Alpo3 (Fig 1B).
For the purpose of a small-scale detergent screen by fluorescence size-exclusion chromatog-
raphy (FSEC) [34] and an FSEC-based thermostability assay (FSEC-TS) [35], the genes of
interest were fused to the enhanced Green Fluorescent Protein (eGFP). More precisely, eGFP
was inserted in the intracellular loop between M3 and M4 in accordance with the strategy
applied for GluCl and nAChR subunits [36,37]. These constructs were referred to as “AlpoX-
eGFP” with X ranging between 1 and 7, excluding Alpo3 (Fig 1B). AlpoX indicates that experi-
ments were both performed on “AlpoX-wt” and “AlpoX-eGFP”.
Two-electrode voltage clamp
For the expression in Xenopus laevis oocytes, the genes coding for AlpoX-wt were subcloned
into the vector pGEM-HE [38]. After NheI-treatment, the linearized plasmid DNA was tran-
scribed to produce capped RNA by using the T7 mMESSAGE-mMACHINE transcription kit
(Ambion). Four nanogram of the resulting RNA was injected into the cytosol of stage V and VI
oocytes either manually or with an automated injection system (Roboinject, MultiChannelSys-
tems). Oocyte preparations and injections were done using standard procedures [39]. Briefly,
oocytes were harvested from ovarian lobes of female Xenopus laevis frogs, deeply anesthetized
with MS-222 or tricaine. All these experiments conformed to the Geneva canton rules on ani-
mal experimentation (accreditation number G171/3551) or were approved by the KU Leuven
Animal Facility (accreditation number P021/2013). Injected oocytes were incubated in a
ND96-solution containing 96 mMNaCl, 2 mM KCl, 1.8 mM CaCl2, 2 mMMgCl2 and 5 mM
HEPES, pH 7.4, supplemented with 50 mg/L gentamicin sulfate.
One to five days after injection, electrophysiological recordings were performed by conven-
tional or automated TEVC (HiClamp, MultiChannel Systems). Cells were superfused with
standard OR2 solution containing 82.5 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl2, 1 mMMgCl2
and 5 mMHEPES buffered at pH 7.4. Unless indicated otherwise, cells were held at a fixed
potential of –80 mV throughout the experiment. To minimize heat shock, all preparation and
recording procedures were carried out at 16°C [40]. Functional characterization consisted of
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the screening of potential ligands, the establishment of concentration-activation curves and the
determination of ion selectivity. Different small molecules were tested for their effects on
AlpoX-wt, such as dopamine, taurine, γ-aminobutyric acid (GABA), glycine and ivermectin
(the complete list and the corresponding concentrations are mentioned in Table 1). To deter-
mine concentration-activation curves, cells were exposed to increasing concentrations of the
test substance. To assess ion selectivity, current-voltage (I-V) relationships were determined in
control OR2 solution as well as in medium in which chloride ions were substituted by gluco-
nate. These I-V curves were generated by voltage ramps applied within 4 s and constructed
around the reversal potential (Erev ± 80 mV). Leak properties of the cells measured in control
conditions were subtracted from the I-V curves measured during exposure to 10 mM GABA.
Data were acquired either on a manual setup or on an automated recording system
(HiClamp, MultiChannel Systems). For the manual setup, data were offline filtered and subse-
quently processed with Clampfit 10.3 (Molecular Devices), Excel 2011 (Microsoft) and Prism
Table 1. List of 33 chemical compounds and their concentration used for ligand screening by TEVC.
Test substance Concentration (mM)
Acetylcholine chloride 10
Adenosine 50-triphosphate (ATP) disodium salt hydrate 10
Amiloride hydrochloride hydrate 1
AMPA 1
Bradykinin acetate salt 1
Dopamine hydrochloride 10
GABA 10
Glycine 10
Histamine dihydrochloride 10
Imidacloprid 1
Ivermectin 1
Kainic acid monohydrate 1
L-Glutamic acid monosodium salt hydrate 10
Levamisol hydrochloride 10
Morantel citrate salt 1
Moxidectin 1
Muscarine chloride hydrate 10
Neurokinin A 1
Nicotine 1
Norepinephrine bitartrate salt 1
Octopamine hydrochloride 1
OR2 pH 5.0
OR2 pH 8.0
PNU-120596 1
Praziquantel 1
Pyrantel citrate salt 1
Serotonin creatinine sulfate 1
Strychnine 1
Substance P acetate salt hydrate 1
Taurine 1
Tryptamine hydrochloride 1
Tubocurarine 1
Tyramine 1
doi:10.1371/journal.pone.0151183.t001
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6.0 (GraphPad). Data acquired with the HiClamp were analyzed using the corresponding soft-
ware. Concentration-activation curves were fitted with the empirical Hill equation where y is
the normalized current amplitude, EC50 is the concentration for 50% activation and nH is the
Hill coefficient.
y ¼ 1
1þ EC50½agonistnH
Expression and small-scale detergent screen
Expression of AlpoX-wt and AlpoX-eGFP in Sf9 insect cells was driven by the Bac-to-Bac1
Baculovirus expression system (Invitrogen). The constructs were subcloned into the pFastBac-
1 vector followed by 3 rounds of baculovirus amplification. Insect cells were infected at a den-
sity of 1–3 million cells per mL and harvested by centrifugation 60–72 hours after infection
(10,000 g for 15 min). Harvested cells were resuspended in buffer A (150 mMNaCl, 50 mM Na
phosphate, pH 7.4) supplemented with a cocktail of protease-inhibitors (1 mM PMSF, 1 μg/mL
aprotinin, 1 μg/mL leupeptin and 1 μg/mL pepstatin), 20 μg/mL DNase and 5 mMMgCl2.
These resuspended cells were lysed through high pressure homogenization (Emulsiflex C5,
Avestin). Membranes were subsequently isolated by ultracentrifugation (125,000 g for 40 min)
and resuspended in an equal volume of buffer A supplemented with protease inhibitors.
Membrane suspensions derived from AlpoX-eGFP constructs were used for a small-scale
detergent screen by FSEC [34]. Membrane aliquots were solubilized for 90 min with a wide
variety of detergents and detergent mixtures (Anatrace) at a final concentration amply exceed-
ing the critical micelle concentration (CMC) (S1 Table). The detergents tested, were: n-dode-
cyl-β-D-maltopyranoside (DDM), n-undecyl-β-D-maltopyranoside (UDM), n-decyl-β-D-
maltopyranoside (DM), n-octyl-β-D-glucopyranoside (OG), n-nonyl-β-D-glucopyranoside
(NG), N,N-dimethyldodecylamine N-oxide (LDAO), 3[(3-cholamidopropyl) dimethylammo-
nio]propanesulfonic acid (CHAPS), 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-
1-propanesulfonate (CHAPSO), decyl maltose neopentyl glycol (DMNG), lauryl maltose neo-
pentyl glycol (LMNG) and a mixture of LMNG and CHAPS. After ultracentrifugation (30,000
g for 40 min), the solubilized fractions were loaded on the FSEC system, consisting of a Super-
ose 6 10/300 column (GE Healthcare) coupled to a fluorescence detector (Rf10Axl, Shimadzu).
The running buffer consisted of buffer A, supplemented with the corresponding detergent at a
concentration slightly exceeding the CMC (S1 Table).
Large-scale purification
Crude membranes, obtained after high pressure homogenization and ultracentrifugation of Sf9
insect cells expressing AlpoX, were resuspended in buffer A, supplemented with protease-
inhibitors and solubilized by the use of FSEC identified detergents (S1 Table) at 4°C during 90
min. The unsolubilized material was removed by ultracentrifugation at 30,000 g for 40 min.
Subsequently, the supernatant was incubated with Ni Sepharose High Performance beads (GE
Healthcare) at 4°C for 90 min whereafter the beads were washed with buffer A containing
detergent, protease-inhibitors and increasing concentrations of imidazole. The protein of inter-
est was eluted with buffer A containing detergent, protease-inhibitors and 300 mM imidazole.
Finally, the eluted protein was applied on the size-exclusion chromatography (SEC) system,
consisting of a Superose 6 10/300 column (GE Healthcare) coupled to a UV-detector (Monitor
UV-900, GE Healthcare). The running buffer consisted of buffer B (150 mMNaCl, 10 mMNa
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phosphate, pH 7.4) supplemented with the corresponding detergent at a concentration slightly
above the CMC (S1 Table). Eluted fractions were analyzed by SDS-PAGE.
To improve the monodispersity of Alpo6, additional purifications were performed in the
presence of the identified ligands. These ligands were added at a concentration of approxi-
mately 5 x EC50 (1 mM taurine, 30 mM GABA or 100 mM glycine) during every step of the
purification protocol.
Negative stain EM
Samples for negative stain electron microscopy (EM) were prepared by applying 2 μL of pro-
tein solution (0.03 mg/mL) on glow discharged carbon-coated copper grids. After three short
wash-steps with Milli-Q water, samples were stained with 1% uranyl formate solution and
dried. The grids were imaged in an electron microscope (JEOL JEM-1400) equipped with a
LaB6 cathode and operated at 120 kV. Images were recorded with a 4096 x 4096 pixel CMOS
TemCam-F416 camera (TVIPS) at a nominal magnification of 50,000 and a corresponding
pixel size of 2.29 Å under a defocus between 2.5 and 4.0 μm. For calculating 2D images, parti-
cles were selected from micrographs in e2boxer [41]. The phase flipped images were aligned
and classified in SPARX [42].
FSEC-based thermostability assay
An FSEC-based thermostability assay (FSEC-TS) was performed [35] to determine the thermal
stability of the purified Alpo CLR homologues. Aliquots of purified Alpo1-eGFP in DDM,
Alpo4-eGFP in LMNG-CHAPS and Alpo6-eGFP in LMNG were heated at different tempera-
tures in the range of 4–95°C for 10 min, centrifuged at 87,000 g for 20 min and applied on the
FSEC system. The relative oligomeric peak heights, normalized with respect to the peak height
derived from the 4°C sample, were plotted against the corresponding temperatures. Melting
curves were fitted through the data points with a sigmoidal curve (Prism6, GraphPhad) and
the corresponding melting temperatures (Tm) were determined.
Similarly, FSEC-TS was applied to quantify the effect of ligands on the thermal stability of
purified Alpo6-eGFP. Aliquots of Alpo6-eGFP purified both in the presence and absence of
ligands were incubated at 4°C or 65°C during 10 min. The resulting samples were centrifuged
(87,000 g for 20 min) and analyzed by FSEC. The oligomeric peak heights were normalized
against the signals derived from the corresponding samples incubated at 4°C. The data were
plotted as a histogram, which allowed a quantitative comparison of the thermal stability of
Alpo6-eGFP in the presence and absence of different ligands.
Nanobody production, purification and screening
Nanobodies directed against Alpo1 were produced by immunization of llamas (http://
steyaertlab.structuralbiology.be/). Briefly, one llama (Lama glama) was immunized six times
with 900 μg of DDM-solubilized Alpo1-wt in total. Lymphocytes of the anticoagulated blood of
the immunized llama were used to prepare cDNA, which served as a template to amplify the
open reading frames coding for the variable domains of the heavy-chain antibodies, also called
Nanobodies. The Nanobody repertoire was cloned into phage-display vector pMESy4 [43].
After one round of biopanning on either solid-phase-coated Alpo1-wt or antibody trapped
Alpo1-eGFP a clear enrichment of Alpo1 specific phage was observed. 184 randomly chosen
colonies were grown for expression of their Nanobody as soluble protein. Crude periplasmic
extracts were tested by ELISA and 115 extracts were shown to be specific toward Alpo1. From
the positive clones, the Nanobody open reading frames were amplified by PCR and their
sequence was analyzed. Thirty-nine distinct families were revealed.
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Heterologous expression and purification of these Nanobodies were performed as previ-
ously described [43]. To identify Nanobodies that are suitable as crystallization chaperones and
bind with a high stoichiometric ratio (number of Nanobodies per Alpo1 oligomer), a small-
scale FSEC-based screening was carried out. The purified Nanobodies were added to purified
Alpo1-eGFP and incubated at room temperature during 1 hour followed by FSEC analysis of
the resulting complexes. Additionally, FSEC-TS experiments were performed to assess the pos-
sible stabilizing effects of the identified Nanobodies. Therefore Alpo1-eGFP-Nb complexes
were heated at 65°C for 10 min, centrifuged (87,000 g for 20 min) and analyzed by FSEC. The
relative peak heights of the heated complexes were compared to the relative peak heights of
control samples, which were heated in the absence of Nanobody.
Results
Seven CLR homologues are identified in the proteome of Alvinella
pompejana
The BLASTp search in the proteome of Alvinella pompejana resulted in the identification of
seven CLR homologues, which we named Alpo1-7. The protein sequences have been deposited
in the protein database of The Max Planck Institute for Developmental Biology (http://jekely-
lab.tuebingen.mpg.de/) under accession numbers P74014 (Alpo1), P64117 (Alpo2), P61179
(Alpo3), P60768 (Alpo4), P65805 (Alpo5), P52796 (Alpo6) and P60838 (Alpo7). Alpo1 is equal
to Alv-a9 and Alpo7 is equal to Alv-a1-pHCl as reported by Juneja, P. et al [27]. The cladogram
provides a visual representation of the relationship between Alpo CLR homologues, known
human CLR subunits and GluCl (Fig 2A). Mature sequences of Alpo1-4 were clustered together
with cation-selective members of the CLR family, whereas Alpo5-7 appeared to be more closely
related to anion-selective members. Furthermore, a pairwise sequence identity diagram was
calculated to quantify the overall amino acid conservation between Alpo CLR subunits and
human CLR subunits (Fig 2B). On average, mature sequences of Alpo1-4 share 28% sequence
identity with human nAChR subunits α2, α4, α5 or α9, whereas the average sequence identity
of Alpo5-7 with human GlyR subunits α1 or α2 is 43%. The amino acid conservation is out-
lined in more detail in the multiple sequence alignment, where some of the key regions
involved in channel function, are highlighted (Fig 2C, S1 Fig). Additionally, at least one of the
secondary structure prediction tools confirmed the presence of four transmembrane helices for
all Alpo CLR subunits except for Alpo2 and Alpo3. For Alpo3 three transmembrane helices
were predicted whereas five transmembrane helices were predicted for Alpo2.
The predicted length of the ICD between M3 and M4 varies from 11 up to 118 amino acids.
Alpo5-wt and Alpo6-wt can be activated by glycine, GABA and taurine
The effects of pH and different small molecules, including neurotransmitters and allosteric
modulators, on AlpoX-wt were tested with TEVC (Table 1). Alpo5-wt and Alpo6-wt could both
be activated by the neurotransmitters glycine, GABA and taurine (Fig 3). Upon determination
of concentration-activation curves of Alpo5-wt, we found that both glycine and GABA were
full-agonists of the channel. A plot of the peak inward current as a function of the logarithm of
the GABA concentration yielded a typical concentration-activation curve that was readily fitted
with a single Hill equation with an EC50 value of 6.980 ± 0.512 mM and a Hill coefficient of
2.49 ± 0.09 (n = 4). Similarly, the concentration-activation relationship for glycine was charac-
terized by an EC50 value of 291.0 ± 16.4 μM and a Hill coefficient of 2.68 ± 0.08 (n = 4). Tau-
rine, on the other hand, was a partial agonist of Alpo5-wt. On average, the currents evoked by
taurine at a saturating concentration were 74% of the responses evoked by a saturating
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Fig 2. Sequence analysis of Alpo CLR homologues. Anion-selective channels are indicated in yellow, (putative) cation-selective channels in blue. (A)
Cladogram displaying the relationship between Alpo, known human CLR subunits and GluCl. (B) Pairwise sequence identity diagram of Alpo and the most
closely related known human CLR subunits. The degree of sequence identity is displayed in shades of blue for putative cation-selective channels and in
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concentration of glycine. The concentration-activation relationship for taurine was character-
ized by a single Hill equation with an EC50 value of 370.0 ± 30.2 μM and a Hill coefficient of
2.51 ± 0.18 (n = 4). In case of Alpo6-wt, glycine and taurine acted as full agonists, whereas
GABA exhibited a partial agonistic effect. On average, the current evoked by a saturating con-
centration of GABA corresponded to 86% of the current evoked by a saturating concentration
of glycine. The channel was most sensitive to taurine, reflected by an EC50 value of
226.7 ± 30.5 μM (n = 3). The affinities of Alpo6-wt for glycine and GABA were reflected by
EC50 values of 22.14 ± 4.53 mM (n = 3) and 6.965 ± 1.590 mM (n = 3), respectively. The Hill-
shades of yellow for anion-selective channels. (C) Multiple sequence alignment including sequences of Alpo (blue and yellow), CLRs with known structures
(pink) and human CLR subunits with high sequence identity to the identified homologues. The degree of amino acid conservation is displayed in shades of
blue, β-strands are indicated in green and the M2 helix in red. Secondary structure elements are retrieved from the m5-HT3A R crystal structure [17].
Conserved aromatic residues and loops B, C and D involved in ligand binding are colored in orange, the vicinal disulphide is indicated in fuchsia, the ion
selectivity filter is shown in purple and the eponymous Cys-loop in brown.
doi:10.1371/journal.pone.0151183.g002
Fig 3. Functional characterization of Alpo5-wt and Alpo6-wt by TEVC. Top: Currents derived from the
activation of Alpo5-wt and Alpo6-wt by increasing concentrations of glycine, GABA or taurine. Bottom:
Concentration-activation curves of glycine (blue), GABA (green) and taurine (purple) for Alpo5-wt and
Alpo6-wt.
doi:10.1371/journal.pone.0151183.g003
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coefficients of the corresponding activation-response curves were 1.87 ± 0.12 for taurine,
2.20 ± 0.16 for glycine and 1.94 ± 0.15 for GABA.
Furthermore, we determined the ion selectivity of Alpo5-wt and Alpo6-wt (Fig 4). Results
obtained in five cells were averaged for Alpo5-wt and showed that substitution of the chloride
ions by the non-permeable anion gluconate in the extracellular medium caused a leftward shift
of the reversal potential indicating that the channel was permeable to anions. Results obtained
for Alpo6-wt yielded the same conclusions. In addition to a leftward shift of the I-V curves, an
apparent change in rectification occurred from linear in control conditions to inward rectifying
in the presence of gluconate. This can be explained by a decrease of conductance at potentials
above Erev due to the absence of permeable anions in the extracellular medium.
Moreover, we could confirm the activation of Alpo7-wt by elevated proton concentrations
as previously described by Juneja, P. et al [27]. For Alpo1-wt, Alpo2-wt and Alpo4-wt none of
the tested substances (Table 1) evoked channel activation.
Fig 4. Ion selectivity of Alpo5-wt and Alpo6-wt. Current-voltage curves of Alpo5-wt and Alpo6-wt activated
by 10 mMGABA recorded in the presence of extracellular chloride (green) or gluconate ions (red).
doi:10.1371/journal.pone.0151183.g004
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Several Alvinella pompejana CLR homologues can be purified in a
monodisperse, oligomeric state
Upon expression of the Alpo CLR homologues in Sf9 insect cells, an FSEC-based detergent
screen was performed to identify detergents that extract these membrane proteins from the
lipid bilayer in a monodisperse and oligomeric state (Fig 5). Several detergents from different
classes were tested including maltosides, glucosides, neopentyl glycols, steroid-derivatives and
mixed detergents. A detergent was considered suitable for a particular protein if FSEC resulted
in a chromatogram characterized by a high, symmetric peak around 13.5 mL and a lower peak
around the void volume (7 mL). According to calibration of the Superose6 10/300 column, a
peak around 13.5 mL corresponds to detergent-solubilized, oligomeric protein, whereas a peak
around 7 mL accounts for protein aggregates.
Detergent-solubilization of Alpo2-eGFP and Alpo5-eGFP mainly resulted in the absence of
a symmetric, oligomeric peak and a high amount of protein aggregates, rendering it impossible
to perform large-scale purifications of these homologues. By contrast, multiple suitable deter-
gents were identified for the four remaining homologues: Alpo1-eGFP, Alpo4-eGFP,
Alpo6-eGFP and Alpo7-eGFP, as was indicated by FSEC profiles displaying a limited amount
of aggregates, eluting in the void volume, and a high, symmetric peak around 13.5 mL (Fig 5).
Once suitable solubilization conditions were identified, large-scale purifications were per-
formed for Alpo1, Alpo4 and Alpo6. For Alpo7 no purification efforts were undertaken given
the recent publication of preliminary biochemical data describing the expression and purifica-
tion of this protein [27]. The overall purification strategy was similar for all three constructs
and consisted of a 2-step purification protocol composed of immobilized metal affinity chro-
matography (IMAC) and SEC. We obtained sufficient amounts of oligomeric protein for
Alpo1-wt, Alpo1-eGFP, Alpo4-wt and Alpo4-eGFP with typical yields varying between 0.05 mg
and 0.18 mg of SEC-purified protein/g membranes (Fig 6). SEC of the GFP-tagged constructs,
Alpo1-eGFP and Alpo4-eGFP, resulted in monodisperse, oligomeric protein indicated by a
main peak with a retention volume of approximately 13.5 mL (Fig 6). Notwithstanding that a
minor shoulder around 17.5 mL was observed, the main fraction of the peak did appear to con-
tain monodisperse protein. By contrast, important differences in monodispersity were
observed for the corresponding wild type constructs (Fig 6). Purification of Alpo4-wt resulted
in a highly symmetric, oligomeric peak during SEC, whereas the SEC profile of Alpo1-wt dis-
played a broader, oligomeric peak with a pronounced shoulder on the left, indicative for the
co-elution of several oligomeric states.
Large-scale purification of Alpo6-eGFP typically resulted in a low amount (0.03 mg of SEC-
purified protein/g membranes) of polydisperse protein, not amenable for structural studies
(S2A Fig). To improve the biochemical behavior of Alpo6, additional purifications were per-
formed in the presence of the identified ligands (S2 Fig). The addition of taurine and GABA
did not improve protein yields nor homogeneity (S2C and S2D Fig), whereas the addition of
glycine resulted in a more symmetric oligomeric peak both for Alpo6-eGFP as well as for
Alpo6-wt (S2B and S2E Fig). The protein yields remained low, 0.05 mg/g membranes, but are
sufficient for future structural studies. The beneficial effect of glycine on Alpo6 was further sub-
stantiated by FSEC-TS (S2F Fig). Heating Alpo6-eGFP to 65°C during 10 min, resulted in a
44 ± 3% decrease in fluorescent signal measured as oligomeric peak height. In contrast, no loss
of fluorescent signal was observed for heated Alpo6-eGFP purified in the presence of glycine.
We could therefore conclude that glycine had a significant effect on the thermal stability of
Alpo6.
To determine the biochemical purity of the SEC-purified proteins, the peak fractions were
subjected to SDS-PAGE analysis (Fig 6). A pronounced band was observed around the
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Fig 5. FSEC-based detergent screen [34]. FSEC profiles of AlpoX-eGFP solubilized by the indicated detergents. The fluorescent signals were
approximately equated with each other. * indicates a suitable detergent for the solubilization of the particular protein. A detergent was considered suitable if
FSEC resulted in a chromatogram characterized by a high, symmetric peak around 13.5 mL and a lower peak around the void volume (7 mL).
doi:10.1371/journal.pone.0151183.g005
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expected molecular weight mark of an Alpomonomer, more precisely around the 50 kDa mark
for Alpo1-wt (48.5 kDa) and Alpo4-wt (50.9 kDa) and around the 75 kDa mark for Alpo1-eGFP
(75.4 kDa) and Alpo4-eGFP (77.8 kDa). For Alpo6-eGFP (70.7 kDa) and Alpo6-wt (43.8 kDa)
the monomeric band appeared lower than expected, around the 50 kDa mark and around the
37 kDa mark respectively. This gel shift is not uncommon for SDS-PAGE analysis of
Fig 6. Large-scale purification of Alpo1, Alpo4 and Alpo6. SEC-profiles of purified AlpoCLR homologues and SDS-PAGE analyses of the corresponding
oligomeric peak fractions. Left: Purification of Alpo1-eGFP and Alpo1-wt in DDM. Middle: Purification of Alpo4-eGFP and Alpo4-wt in LMNG-CHAPS. Right:
Purification of Alpo6-eGFP and Alpo6-wt in the presence of glycine and LMNG.
doi:10.1371/journal.pone.0151183.g006
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membrane proteins. A faster migration can be due to an incomplete unfolding of the protein in
SDS-buffer or possibly due to an altered number of bound SDS-molecules relative to the size of
the protein [44]. In case of AlpoX-eGFP, the pronounced monomeric band lighted up fluores-
cent upon excitation. For Alpo1-wt, Alpo1-eGFP and Alpo6-eGFP additional bands could be
observed between the 150 kDa and 250 kDa mark. Since these bands lighted up fluorescent in
case of the GFP-tagged constructs, we can ascribe these bands to oligomeric assemblies or pro-
tein aggregates (Fig 6).
Furthermore, characterization of purified Alpo1, Alpo4 and Alpo6 was conducted using neg-
ative stain transmission EM (Fig 7). The micrographs mainly visualized single monodisperse
protein particles in two preferential orientations consistent with side and top views. Two-
dimensional class averages calculated for the best behaving construct, Alpo4-wt, displayed
characteristic top views indicating five-fold rotational symmetry with a diameter of 90 ± 10 Å
and characteristic side views in the shape of elongated tube-like structures of 120 ± 10 Å long
consisting of two fragments, putatively corresponding to the TMD and ECD, with a channel
running through the center of the tube. The dimensions of the channel are in agreement with
the dimensions of the glycine α1 receptor with a diameter around 75 Å and a height of 110 Å
[18].
Overall, the negative stain EM-images are consistent with the SEC-results. Micrographs of
Alpo1 for example, indicate that Alpo1-wt is less monodisperse than Alpo1-eGFP by forming
higher oligomers through interaction of hydrophilic regions. These interactions are disrupted
by insertion of eGFP. Additionally, the improved purification protocol of Alpo6-wt by the
Fig 7. Negative stain electronmicroscopy. Representative areas of micrographs with negatively stained purified Alpo1-wt, Alpo1-eGFP, Alpo4-wt,
Alpo4-eGFP, Alpo6-wt and Alpo6-eGFP. The insets in Alpo4-wt show class averages corresponding to top and side views of the protein. The edge length of
the insets is 220 Å.
doi:10.1371/journal.pone.0151183.g007
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addition of glycine, clearly resulted in monodisperse protein as shown by negative stain EM.
However, this was not the case for Alpo6-eGFP with micrographs displaying aggregates and
smaller particles, which may correspond to residual impurities or degraded protein.
Purified Alvinella pompejana CLR homologues are thermostable
By implementation of FSEC-TS, we determined melting curves of purified Alpo1-eGFP in
DDM, Alpo4-eGFP in LMNG-CHAPS and Alpo6-eGFP in the presence of glycine and LMNG.
The corresponding melting temperatures were 64 ± 1°C, 69 ± 1°C, and 77 ± 1°C (n = 3), respec-
tively (Fig 8). We hypothesized that the thermal stability of Alpo6-eGFP in presence of glycine
might be hampered by the thermal stability of eGFP since its melting temperature is close to
the reported melting temperature (76°C) of eGFP [35].
Nanobody 9 stabilizes Alpo1-eGFP
In analogy with other eukaryotic CLRs for which the structure was solved [14,15,17], we imple-
mented the use of crystallization chaperones and produced Nanobodies directed against Alpo1
[45–47]. Forty-one Nanobodies (Nanobody 1-Nanobody 41) with confirmed affinity for Alpo1
were discovered. To rationalize future co-crystallization trials, we performed an FSEC-based
screen to determine which Nanobodies shift the retention volume of the oligomeric peak the
most and thus probably bind with the highest stoichiometric ratio. Overall, the shift in reten-
tion volume was limited because of the low molecular weight of Nanobodies. However, for one
Nanobody, Nanobody 9 (Nb9), the shift was more pronounced (0.7 mL) (S3A Fig). We further
investigated whether this specific Nanobody would additionally thermostabilize the receptor.
Therefore we applied three samples on FSEC-TS: one containing Alpo1-eGFP incubated at
4°C, one containing Alpo1-eGFP incubated at 65°C and one containing the Alpo1-eGFP-Nb9
complex incubated at 65°C. In this particular experiment the fluorescent signal of Alpo1-eGFP
heated at 65°C was 56 ± 4% (n = 3) of the fluorescent signal of the 4°C sample. However, when
we added Nb9 prior to heating, this fluorescent signal only decreased to 83 ± 5% (n = 3) (S3B
Fig). This result indicated that Nb9 had a thermostabilizing effect on Alpo1-eGFP.
Discussion
In our quest for CLR homologues suitable for structural studies, we characterized seven candi-
dates, named Alpo1-7 derived from the extremophilic annelid, Alvinella pompejana. Alvinella
pompejana also called the Pompeii worm, is one of the most heat-tolerant eukaryotes known to
Fig 8. Melting curves of purified Alpo1-eGFP, Alpo4-eGFP and Alpo6-eGFP.Melting curves of Alpo1-eGFP, Alpo4-eGFP and Alpo6-eGFP purified in
DDM, LMNG-CHAPS and LMNG-glycine respectively, generated by FSEC-TS [35]. The deduced melting temperatures are indicated (n = 3).
doi:10.1371/journal.pone.0151183.g008
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date [21,22]. It colonizes hydrothermal vents in the East Pacific Rise and thus thrives in hostile
environments characterized by high temperatures and pressures, hypoxia and high concentra-
tions of toxic compounds, like H2S. In 2010, a genome project indicated that this annelid has
only known a slow rate of evolution [48]. More precisely, several genes absent in other Proto-
stome organisms, but present in Deuterostomes, among which humans, appeared to be con-
served in Alvinella pompejana. Subsequently, the authors hypothesized that thermostable
proteins derived from this organism are ideal models to study human proteins. Given this high
degree of conservation and their presumed thermostability, CLR homologues identified in the
proteome of Alvinella pompejana appeared to be ideal candidates for future structural studies.
First clues regarding the functionality and ion selectivity of these homologues were derived
from the cladogram and the pairwise sequence identity diagram dividing the Alpo CLR homo-
logues over the cationic (Alpo1 to Alpo4) and anionic branch (Alpo5 to Alpo7) of the family.
Remarkably, Alpo5 and Alpo6, share over 45% of sequence identity with the glycine receptor
subunits α1 and α2. This exceeds the sequence identity of GluClα, derived from the Proto-
stome Caenorhabditis elegans, with these receptors. Detailed information regarding amino acid
conservation can be retrieved from the multiple sequence alignment. In the ECD, several aro-
matic residues, which were previously identified as molecular determinants for neurotransmit-
ter binding, appear to be conserved among Alpo1-Alpo7. Furthermore, the eponymous
disulfide bridge in between the sixth and the seventh β-strand is present as well. For Alpo2, we
can even distinguish a vicinal disulfide in loop C, which is a prototypical feature in the neuro-
transmitter binding site of nAChR α subunits. Surprisingly, TMPred and Phobius predicted
five transmembrane helices per monomer of Alpo2. A possible explanation for this aberrant
feature can be that one of the predicted transmembrane helices is confused with the intracellu-
lar MX-helix. This hypothesis is supported by a lower score in the prediction output for one of
the predicted transmembrane helices in comparison to the other helices. In addition, this par-
ticular helix aligns with the MX-helix of the mouse 5-HT3A receptor upon sequence alignment
[17].
If we take a closer look at the ion selectivity filter, the above-mentioned hypothesis concern-
ing ion selectivity can be further substantiated. Indeed, a formal negative charge in the -1’ posi-
tion, typical for cation-selectivity, is present for all presumed cation-selective members, except
for Alpo1. In case of the presumed anion-selective members, we can identify the signature
sequence -PAR- in the M2 region of the pore domain, which is in agreement with previous
findings [14,16]. To substantiate these hypotheses concerning ion selectivity and to function-
ally characterize these novel CLR homologues, electrophysiological recordings were performed.
As expected by the exceptionally high sequence identity, Alpo5-wt and Alpo6-wt can both be
activated by glycine, GABA and taurine and are both anion-selective. Alpo6 has mM affinity
for GABA and glycine, however the affinity for taurine is in the μM range. The pharmacologi-
cal profile of Alpo5 is strikingly similar to the profile of the human homopentameric glycine α1
receptor. Not only are both EC50 values for glycine in the μM range, the difference in affinity
for glycine, GABA and taurine is also comparable (EC50 glycine< EC50 taurine< EC50
GABA) [49]. Upon till now, only one invertebrate, glycine-gated CLR homologue was identi-
fied, named Ci-GlyR. Ci-GlyR was found in the genome of Ciona intestinalis, a marine, Deu-
terostome invertebrate, and was thought to be involved in the organization of swimming [50].
However, Alpo5 and Alpo6 are the first glycine-gated CLR homologues derived from a non-
Deuterostome organism. Therefore, we can hypothesize that the glycine receptor has an earlier
evolutionary origin than assumed so far if we exclude the option of horizontal gene transfer
[50].
Notwithstanding the recent publication of electron cryo-microscopic structures of the zeb-
rafish glycine α1 receptor [18] and of an X-ray crystallographic structure of the human glycine
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α3 receptor [19], questions concerning the glycine receptor remain. As for example, how the
ICD is involved in ion permeation and how glycine is recognized at the neurotransmitter binding
site. A high-resolution three-dimensional structure of Alpo5 or Alpo6 in complex with glycine
and/or showing the ICD can thus still be of high relevance in order to understand the molecular
mechanism underlying ion channel function. For Alpo1-wt, Alpo2-wt and Alpo4-wt no activating
compounds could be identified so far, and therefore we were unable to confirm their function as
CLRs. Possibly, these homologues are activated by a yet to be identified agonist or are not prop-
erly expressed in Xenopus oocytes. Alternatively, they could be part of functional heteropenta-
meric assemblies. In vertebrates for example, only subunits α7, α8 and α9 of the nAChR are able
to form functional homopentamers [51,52]. Further investigation remains necessary. However,
given the high percentages of sequence identity with human nAChR α subunits, high-resolution
structures of Alpo1, Alpo2 or Alpo4, might extend current structural insights into nAChRs.
Besides functional assays, biochemical experiments were performed to assess the suitability
of the identified homologues for structural studies. Therefore, we expressed these homologues
in Sf9 insect cells, performed a detergent screen and carried out large-scale purifications. We
firstly expressed the GFP-tagged constructs since this allowed us to conduct a small-scale
FSEC-based detergent screen on non-purified membrane extracts [34]. The choice of a suitable
detergent is crucial as the decrease of protein stability upon extraction from the lipid bilayer is
a major bottleneck during membrane protein purification [53]. Several detergents from differ-
ent classes including maltosides, glucosides, neopentyl glycols, amine oxides, bile acid derivates
and mixed detergents were tested. Strikingly, we were able to efficiently extract four homo-
logues with various detergents while maintaining their oligomeric state. The ability to be solu-
bilized by a wide range of detergents indicates that the proteins behave biochemically stable
upon extraction from the membrane and will allow a broad screen of crystallization conditions,
increasing our chances of obtaining well-diffracting crystals.
Subsequent to the successful identification of suitable detergents by FSEC, we performed
large-scale purifications of Alpo1-eGFP, Alpo4-eGFP and Alpo6-eGFP. The GFP-tag allowed
us to monitor the presence and monodispersity of our protein during every step of the purifica-
tion protocol. For Alpo1-eGFP and Alpo4-eGFP this resulted in high yields of monodisperse
and oligomeric protein. By contrast, the purification of Alpo6-eGFP resulted in low amounts of
polydisperse protein. However, we were able to obtain a more symmetric, oligomeric peak by
the addition of the low affinity agonist, glycine, during every step of purification. Still, purified
Alpo6-eGFP appeared to be less monodisperse than the other Alpo constructs as shown by neg-
ative stain EM. FSEC-TS confirmed the beneficial effect of glycine on the thermal stability of
Alpo6-GFP. Since GABA and taurine, did not exert these stabilizing effects, we could not
ascribe the increased stability of the glycine-bound structure to a difference in inherent stability
between an apo and open or desensitized channel conformation. However, this is not surpris-
ing since a similar discrepancy was observed for the stabilizing effects of different antagonists
on the P2X receptor [35].
Over the last decade, it has been demonstrated that thermal stability of proteins is of great
importance for structural studies [54–56]. Additionally, it has been shown that proteins
derived from extremophilic organisms exhibit superior stability [22]. FSEC-TS [35] experi-
ments indeed confirmed the superior thermal stability of Alpo1-eGFP, Alpo4-eGFP and
Alpo6-eGFP. Remarkable high melting temperatures could be observed, all of them were in the
range of 60 to 80°C. The melting temperature of purified Alpo6-eGFP for example is 77 ± 1°C,
not only exceeding the melting temperatures of eukaryotic members of the CLR family
[27,35,53,57], but also clearly higher than the melting temperature of GLIC, a prokaryotic
homologue with a Tm of 52°C [58]. However, we have to consider the presence of eGFP in the
intracellular loop. This can cause a stabilization of the receptors, which can consequently
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increase the observed melting temperatures. This might for example be the case for
Alpo1-eGFP, since the purification of Alpo1-wt resulted in less symmetric oligomeric peaks. To
exclude the effect of eGFP, FSEC-TS can be applied to Alpo-wt while monitoring the intrinsic
tryptophan fluorescence.
The ultimate goal is obviously to determine the structure of wild type receptors. Therefore,
Alpo1-wt, Alpo4-wt and Alpo6-wt were purified according to the same protocol used for the
purification of the corresponding eGFP-tagged constructs. For Alpo6-wt, for example, the
addition of glycine again appeared essential to obtain proper yields of monodisperse protein.
This is a clear confirmation that glycine stabilizes both Alpo6-eGFP as well as Alpo6-wt. In case
of Alpo4-wt, purification resulted in high yields of highly pure and homogeneous protein. The
resulting SEC-profile closely resembled the SEC-profiles obtained by our group for ELIC, a
prokaryotic CLR, which led to well-diffracting protein crystals and eventually to high-resolu-
tion crystal structures [12].
To further increase our chances for obtaining well-diffracting protein crystals, we decided
to generate crystallization chaperones as they have been shown useful in elucidating the struc-
ture of other eukaryotic CLRs [14,17]. So far, Nanobodies were only generated against
Alpo1-wt. However, in the future additional Nanobodies will be generated for other CLR
homologues as well, especially for the most promising homologue Alpo4-wt. We were primar-
ily interested in Nanobodies that bind with a high stoichiometric ratio (number of Nanobodies
per Alpo1 oligomer) to maximally increase the available surface area for the formation of crys-
tal contacts. By FSEC-analysis, we identified Nb9 as the Nanobody that provokes the most pro-
nounced shift in retention volume and presumably thus binds with the highest stoichiometry.
Additionally, we observed that Nb9 increases the resistance of Alpo1-eGFP to heating. These
two characteristics, the high binding stoichiometry and the thermal stabilization, make Nb9
highly suitable as chaperone in future structural studies. The same protocol will be applied for
the selection of Nanobodies targeting Alpo4-wt and Alpo6-wt.
Overall, we here report the successful functional and biochemical characterization of CLR
homologues derived from the extremophilic organism Alvinella pompejana. We described the
relevance of these homologues as models for human pLGICs by the high percentages of
sequence identity and the identification of known neurotransmitters as agonists. Additionally,
a thorough biochemical characterization indicated that three of the identified Alpo CLR homo-
logues are suitable candidates for future crystallization trials as can be exemplified by three
main findings: Firstly, the ability to be successfully extracted from the membrane by a wide
variety of detergents. Secondly, their ability to be purified in a pure and oligomeric state.
Thirdly, the identification of stabilizing additives. Together, these results pave the way for
future functional and structural studies, possibly aiding in the further elucidation of the struc-
ture-function relationship for this class of clinically relevant ion channels.
Supporting Information
S1 Fig. Multiple sequence alignment.Multiple sequence alignment including full-length
sequences of the putative cation-selective channels Alpo1-4 (blue), anion-selective channels
Alpo5-7 (yellow), CLRs with known structures (pink) and human CLR subunits with high
sequence identity to the identified homologues. The degree of amino acid conservation is dis-
played in shades of blue. Secondary structure elements, retrieved from the m5-HT3A R crystal
structure (Hassaine G, Deluz C, Grasso L, Wyss R, Tol MB, Hovius R, et al. X-ray structure of
the mouse serotonin 5-HT3 receptor. Nature. 2014;512: 276–281), are indicated above the
alignment, α-helices and β-strands are colored in red and green, respectively.
(TIF)
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S2 Fig. The effect of ligands on the biochemical behavior of Alpo6. (A) SEC-profile derived
from Alpo6-eGFP purified in the absence of ligand (blue). (B) SEC-profile derived from
Alpo6-eGFP purified in the presence of glycine (green). (C) SEC-profile derived from
Alpo6-eGFP purified in the presence of taurine (pink). (D) SEC-profile derived from
Alpo6-eGFP purified in the presence of GABA (orange). (E) SEC-profile from Alpo6-wt puri-
fied in the presence of glycine. (F) Histogram displaying the relative fluorescence of the oligo-
meric peak height derived from FSEC-TS experiments on Alpo6-eGFP. Alpo6-eGFP incubated
at 4°C (black) and at 65°C (blue) in the absence of ligands. Alpo6-eGFP incubated at 65°C in
the presence of glycine (green), taurine (pink) and GABA (orange).
(TIF)
S3 Fig. The identification of Nb9 as crystallization chaperone for Alpo1. (A) FSEC profiles
from Alpo1-eGFP (red) and Alpo1-eGFP in complex with Nb9 (green). (B) Histogram display-
ing the relative fluorescence of the oligomeric peak height of Alpo1-eGFP incubated at 4°C
(red), Alpo1-eGFP incubated at 65°C (orange) and Alpo1-eGFP in complex with Nb9 incu-
bated at 65°C (green).
(TIF)
S1 Table. Overview of the detergents and their concentrations used during solubilization
and (fluorescence) size-exclusion chromatography ((F)SEC).
(TIF)
Acknowledgments
We thank Yelle Thomas for assistance during biochemical experiments. We thank Tifany
Schaer for technical assistance in the electrophysiological experiments conducted at HiQSc-
reen. We thank Nele Buys for the practical assistance during the Nanobody discovery.
Author Contributions
Conceived and designed the experiments: EWMN CU RE. Performed the experiments: EW
MN SDMB EP KWDB RE. Analyzed the data: EWMN RE CU. Contributed reagents/materi-
als/analysis tools: EWMN SDMB EP KWDB JS RE CU. Wrote the paper: EWMN CU.
References
1. Oddo S, LaFerla FM. The role of nicotinic acetylcholine receptors in Alzheimer’s disease. J Physiol
Paris. 2006; 99: 172–9. PMID: 16448808
2. Migita K, Yamada J, Nikaido Y, Shi X, Kaneko S, Hirose S, et al. Properties of a novel GABAA receptor
gamma2 subunit mutation associated with seizures. J Pharmacol Sci. 2013; 121: 84–87. PMID:
23257655
3. Baulac S, Huberfeld G, Gourfinkel-An I, Mitropoulou G, Beranger A, Prud’homme JF, et al. First genetic
evidence of GABA(A) receptor dysfunction in epilepsy: a mutation in the gamma2-subunit gene. Nat
Genet. 2001; 28: 46–48. PMID: 11326274
4. Bowser DN, Wagner D a, Czajkowski C, Cromer B a, Parker MW,Wallace RH, et al. Altered kinetics
and benzodiazepine sensitivity of a GABAA receptor subunit mutation [gamma 2(R43Q)] found in
human epilepsy. Proc Natl Acad Sci USA. 2002; 99: 15170–15175. PMID: 12415111
5. Vincent A, Palace J, Hilton-Jones D. Myasthenia gravis. Lancet. 2001; 357: 2122–8. PMID: 11445126
6. Shan Q, Han L, Lynch JW. β Subunit M2–M3 Loop Conformational Changes Are Uncoupled from α1 β
Glycine Receptor Channel Gating: Implications for Human Hereditary Hyperekplexia. PLoS One. 2011;
6: e28105. doi: 10.1371/journal.pone.0028105 PMID: 22132222
7. Brejc K, van Dijk WJ, Klaassen R V, Schuurmans M, van Der Oost J, Smit AB, et al. Crystal structure of
an ACh-binding protein reveals the ligand-binding domain of nicotinic receptors. Nature. 2001; 411:
269–76. PMID: 11357122
Functional and Biochemical Study of CLR Homologues
PLOS ONE | DOI:10.1371/journal.pone.0151183 March 21, 2016 20 / 23
8. Hilf RJC, Dutzler R. X-ray structure of a prokaryotic pentameric ligand-gated ion channel. Nature. 2008;
452: 375–9. doi: 10.1038/nature06717 PMID: 18322461
9. Bocquet N, Nury H, Baaden M, Le Poupon C, Changeux J-P, Delarue M, et al. X-ray structure of a pen-
tameric ligand-gated ion channel in an apparently open conformation. Nature. 2009; 457: 111–4. doi:
10.1038/nature07462 PMID: 18987633
10. Hilf RJC, Dutzler R. Structure of a potentially open state of a proton-activated pentameric ligand-gated
ion channel. Nature. 2009; 457: 115–8. doi: 10.1038/nature07461 PMID: 18987630
11. Sauguet L, Shahsavar A, Poitevin F, Huon C, Menny A, Nemecz À, et al. Crystal structures of a penta-
meric ligand-gated ion channel provide a mechanism for activation. Proc Natl Acad Sci USA. 2014;
111: 966–71. doi: 10.1073/pnas.1314997111 PMID: 24367074
12. Spurny R, Ramerstorfer J, Price K, Brams M, Ernst M, Nury H, et al. Pentameric ligand-gated ion chan-
nel ELIC is activated by GABA and modulated by benzodiazepines. Proc Natl Acad Sci USA. 2012;
109: e3028–34. doi: 10.1073/pnas.1208208109 PMID: 23035248
13. Zimmermann I, Dutzler R. Ligand activation of the prokaryotic pentameric ligand-gated ion channel
ELIC. PLoS Biol. 2011; 9: e1001101. doi: 10.1371/journal.pbio.1001101 PMID: 21713033
14. Hibbs RE, Gouaux E. Principles of activation and permeation in an anion-selective Cys-loop receptor.
Nature. 2011; 474: 54–60. doi: 10.1038/nature10139 PMID: 21572436
15. Althoff T, Hibbs RE, Banerjee S, Gouaux E. X-ray structures of GluCl in apo states reveal a gating
mechanism of Cys-loop receptors. Nature. 2014; 512: 333–337. doi: 10.1038/nature13669 PMID:
25143115
16. Miller PS, Aricescu AR. Crystal structure of a human GABAA receptor. Nature. 2014; 512: 270–5. doi:
10.1038/nature13293 PMID: 24909990
17. Hassaine G, Deluz C, Grasso L, Wyss R, Tol MB, Hovius R, et al. X-ray structure of the mouse seroto-
nin 5-HT3 receptor. Nature. 2014; 512: 276–281. doi: 10.1038/nature13552 PMID: 25119048
18. Du J, Lü W, Wu S, Cheng Y, Gouaux E. Glycine receptor mechanism elucidated by electron cryo-
microscopy. Nature. 2015; 526: 224–229. doi: 10.1038/nature14853 PMID: 26344198
19. Huang X, Chen H, Michelsen K, Schneider S, Shaffer PL. Crystal structure of human glycine receptor-
α3 bound to antagonist strychnine. Nature. 2015; 526: 277–280. doi: 10.1038/nature14972 PMID:
26416729
20. Thompson AJ, Lester HA, Lummis SCR. The structural basis of function in Cys-loop receptors. Q Rev
Biophys. 2010; 43: 449–99. doi: 10.1017/S0033583510000168 PMID: 20849671
21. Chevaldonné P, Fisher C, Childress J, Desbruyères D, Jollivet D, Zal F, et al. Thermotolerance and the
“Pompeii worms.”Mar Ecol Prog Ser. 2000; 208: 293–295.
22. Holder T, Basquin C, Ebert J, Randel N, Jollivet D, Conti E, et al. Deep transcriptome-sequencing and
proteome analysis of the hydrothermal vent annelid Alvinella pompejana identifies the CvP-bias as a
robust measure of eukaryotic thermostability. Biol Direct. 2013; 8: 1–16.
23. Amlacher S, Sarges P, Flemming D, Van Noort V, Kunze R, Devos DP, et al. Insight into structure and
assembly of the nuclear pore complex by utilizing the genome of a eukaryotic thermophile. Cell. 2011;
146: 277–289. doi: 10.1016/j.cell.2011.06.039 PMID: 21784248
24. Lorentzen E, Walter P, Fribourg S, Evguenieva-Hackenberg E, Klug G, Conti E. The archaeal exosome
core is a hexameric ring structure with three catalytic subunits. Nat Struct Mol Biol. 2005; 12: 575–581.
PMID: 15951817
25. Selmer M, Dunham CM, Murphy F V IV, Weixlbaumer A, Petry S, Kelley AC, et al. Structure of the 70S
Ribosome Complexed with mRNA and tRNA. Science. 2006; 313: 1935–1943. PMID: 16959973
26. Shin DS, DiDonato M, Barondeau DP, Hura GL, Hitomi C, Berglund JA, et al. Superoxide Dismutase
from the Eukaryotic Thermophile Alvinella pompejana: Structures, Stability, Mechanism, and Insights
into Amyotrophic Lateral Sclerosis. J Mol Biol. 2009; 385: 1534–1555. doi: 10.1016/j.jmb.2008.11.031
PMID: 19063897
27. Juneja P, Horlacher R, Bertrand D, Krause R, Marger F, Welte W. An internally modulated, thermosta-
ble, pH-sensitive Cys loop receptor from the hydrothermal vent worm Alvinella pompejana. J Biol
Chem. 2014; 289: 15130–40. doi: 10.1074/jbc.M113.525576 PMID: 24719323
28. Schnizler K, Saeger B, Pfeffer C, Gerbaulet A, Ebbinghaus-Kintscher U, Methfessel C, et al. A novel
chloride channel in Drosophila melanogaster is inhibited by protons. J Biol Chem. 2005; 280: 16254–
62. PMID: 15713676
29. Altschul S, Madden T, Schaffer A, Zhang J, Zhang Z, Miller W, et al. Gapped BLAST and PSI- BLAST:
a new generation of protein database search programs. Nucleic acids Res. 1997; 25: 3389–3402.
PMID: 9254694
Functional and Biochemical Study of CLR Homologues
PLOS ONE | DOI:10.1371/journal.pone.0151183 March 21, 2016 21 / 23
30. Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, et al. Fast, scalable generation of high-quality
protein multiple sequence alignments using Clustal Omega. Mol Syst Biol. 2011; 7: 1–6.
31. Waterhouse AM, Procter JB, Martin DM a, Clamp M, Barton GJ. Jalview Version 2—a multiple
sequence alignment editor and analysis workbench. Bioinformatics. 2009; 25: 1189–91. doi: 10.1093/
bioinformatics/btp033 PMID: 19151095
32. Käll L, Krogh A, Sonnhammer ELL. Advantages of combined transmembrane topology and signal pep-
tide prediction-the Phobius web server. Nucleic Acids Res. 2007; 35: 429–432.
33. Hofmann K, Stoffel W. A database of membrane spanning protein segments. Biol Chem. 1993; 374:
166.
34. Kawate T, Gouaux E. Fluorescence-detection size-exclusion chromatography for precrystallization
screening of integral membrane proteins. Structure. 2006; 14: 673–81. PMID: 16615909
35. Hattori M, Hibbs RE, Gouaux E. A Fluorescence-Detection Size-Exclusion Chromatography-Based
Thermostability Assay for Membrane Protein Precrystallization Screening. Structure. 2012; 20: 1293–
1299. doi: 10.1016/j.str.2012.06.009 PMID: 22884106
36. Li P, Slimko EM, Lester HA. Selective elimination of glutamate activation and introduction of fluorescent
proteins into a Caenorhabditis elegans chloride channel. FEBS Lett. 2002; 528: 77–82. PMID:
12297283
37. Gensler S, Sander A, Korngreen A, Traina G, Witzemann V. Assembly and clustering of acetylcholine
receptors containing GFP-tagged e or g subunits. Eur J Biochem. 2001; 268: 2209–2217. PMID:
11298737
38. Debont T, Daenens P, Tytgat J. An improved fractionation and fast screening method for the identifica-
tion of new and selective neurotoxins. Neurosci Res. 1996; 24: 201–206. PMID: 8929928
39. Bertrand D, Ballivet M, Rungger D. Activation and blocking of neuronal nicotinic acetylcholine receptor
reconstituted in Xenopus oocytes. Proc Natl Acad Sci USA. 1990; 87: 1993–1997. PMID: 1968642
40. Bienz M, Gurdon JB. The heat-shock response in Xenopus oocytes is controlled at the translational
level. Cell. 1982; 29: 811–819. PMID: 6891290
41. Tang G, Peng L, Baldwin PR, Mann DS, JiangW, Rees I, et al. EMAN2: An extensible image process-
ing suite for electron microscopy. J Struct Biol. 2007; 157: 38–46. PMID: 16859925
42. Hohn M, Tang G, Goodyear G, Baldwin PR, Huang Z, Penczek PA, et al. SPARX, a new environment
for Cryo-EM image processing. J Struct Biol. 2007; 157: 47–55. PMID: 16931051
43. Pardon E, Laeremans T, Triest S, Rasmussen SGF, Wohlkönig A, Ruf A, et al. A general protocol for
the generation of Nanobodies for structural biology. Nat Protoc. 2014; 9: 674–93. doi: 10.1038/nprot.
2014.039 PMID: 24577359
44. Rath A, Glibowicka M, Nadeau VG, Chen G, Deber CM. Detergent binding explains anomalous SDS-
PAGEmigration of membrane proteins. Proc Natl Acad Sci USA. 2009; 106: 1760–1765. doi: 10.1073/
pnas.0813167106 PMID: 19181854
45. Rasmussen SGF, DeVree BT, Zou Y, Kruse AC, Chung KY, Kobilka TS, et al. Crystal structure of the
β2 adrenergic receptor-Gs protein complex. Nature. 2011; 477: 549–55. doi: 10.1038/nature10361
PMID: 21772288
46. Geertsma ER, Chang Y-N, Shaik FR, Neldner Y, Pardon E, Steyaert J, et al. Structure of a prokaryotic
fumarate transporter reveals the architecture of the SLC26 family. Nat Struct Mol Biol. 2015; 22: 1–8.
47. Abskharon RNN, Giachin G, Wohlkonig A, Soror SH, Pardon E, LegnameG, et al. Probing the N-termi-
nal β-sheet conversion in the crystal structure of the human prion protein bound to a nanobody. J Am
Chem Soc. 2014; 136: 937–44. doi: 10.1021/ja407527p PMID: 24400836
48. Gagnière N, Jollivet D, Boutet I, Brélivet Y, Busso D, Da Silva C, et al. Insights into metazoan evolution
from Alvinella pompejana cDNAs. BMCGenomics. 2010; 11: 634. doi: 10.1186/1471-2164-11-634
PMID: 21080938
49. De Saint Jan D, David-Watine B, Korn H, Bregestovski P. Activation of human alpha1 and alpha2
homomeric glycine receptors by taurine and GABA. J Physiol. 2001; 535: 741–755. PMID: 11559772
50. Nishino A, Okamura Y, Piscopo S, Brown ER. A glycine receptor is involved in the organization of swim-
ming movements in an invertebrate chordate. BMC Neurosci. 2010; 11: 6. doi: 10.1186/1471-2202-11-
6 PMID: 20085645
51. Couturier S, Bertrand D, Matter JM, Hernandez MC, Bertrand S, Millar N, et al. A neuronal nicotinic ace-
tylcholine receptor subunit (alpha 7) is developmentally regulated and forms a homo-oligomeric chan-
nel blocked by alpha-BTX. Neuron. 1990; 5: 847–856. PMID: 1702646
52. Millar NS, Gotti C. Diversity of vertebrate nicotinic acetylcholine receptors. Neuropharmacology. 2009;
56: 237–246. doi: 10.1016/j.neuropharm.2008.07.041 PMID: 18723036
Functional and Biochemical Study of CLR Homologues
PLOS ONE | DOI:10.1371/journal.pone.0151183 March 21, 2016 22 / 23
53. Tol MB, Deluz C, Hassaine G, Graff A, Stahlberg H, Vogel H. Thermal unfolding of a mammalian penta-
meric ligand-gated ion channel proceeds at consecutive, distinct steps. J Biol Chem. 2013; 288: 5756–
5769. doi: 10.1074/jbc.M112.422287 PMID: 23275379
54. Bowie JU. Stabilizing membrane proteins. Curr Opin Struct Biol. 2001; 11: 397–402. PMID: 11495729
55. Rees DC. Crystallographic analyses of hyperthermophilic proteins. Methods Enzym. 2001; 334: 423–
437.
56. Mancusso R, Karpowich NK, Czyzewski BK, Wang DN. Simple screening method for improving mem-
brane protein thermostability. Methods. 2011; 55: 324–329. doi: 10.1016/j.ymeth.2011.07.008 PMID:
21840396
57. Cheng H, Fan C, Zhang S, Wu Z, Cui Z, Melcher K, et al. Crystallization scale purification of α7 nicotinic
acetylcholine receptor frommammalian cells using a BacMam expression system. Acta Pharmacol
Sin. 2015; 36: 1013–23. doi: 10.1038/aps.2015.34 PMID: 26073323
58. Moraga-Cid G, Sauguet L, Huon C, Malherbe L, Girard-Blanc C, Petres S, et al. Allosteric and hyperek-
plexic mutant phenotypes investigated on an α 1 glycine receptor transmembrane structure. Proc Natl
Acad Sci USA. 2015; 112: 2865–2870. doi: 10.1073/pnas.1417864112 PMID: 25730860
Functional and Biochemical Study of CLR Homologues
PLOS ONE | DOI:10.1371/journal.pone.0151183 March 21, 2016 23 / 23
